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In Fe pnictide (Pn) superconducting materials, neither Mn- nor Cr- doping to the Fe site induces 
superconductivity, even though hole carriers are generated. This is in strong contrast with the 
superconductivity appearing when holes are introduced by alkali metal substitution on the insulating 
blocking layers. We investigate in detail the effects of Mn doping on magneto-transport properties 
in Ba(Fei_xMna;As )2 for elucidating the intrinsic reason. The negative Hall coefficient for x = 

0 estimated in the low magnetic field (B) regime gradually increases as x increases, and its sign 
changes to a positive one at a: = 0.020. Hall resistivities as well as simultaneous interpretation using 
the magnetoconductivity tensor including both longitudinal and transverse transport components 
clarify that minority holes with high mobility are generated by the Mn doping via spin density wave 
(SDW) transition at low temperatures, while original majority electrons and holes residing in the 
parabolic-like Fermi surfaces (FSs) of the semimetallic Ba(FeAs )2 are negligibly affected. Present 
results indicate that the mechanism of hole doping in Ba(Fei_a;Mna;As )2 is greatly different from 
that of the other superconducting FePns family. 

PACS numbers: 74.70.Xa, 74.25.Dw, 72.15.Gd, 75.47.-m 


I. INTRODUCTION 

In high temperature superconducting (HTS) materials, 
elemental substitutions induce many intriguing changes 
in physical properties. In HTS-cuprates, an elemen¬ 
tal substitution to an insulating blocking layer provides 
additional mobile carriers in the Mott insulating Cu02 
plane, resulting in the well-known high temperature su¬ 
perconductivity [l| . To be contrast with the substitution 
effect on the insulating blocking layer, doping of both 
nonmagnetic and magnetic impurities to the conduct¬ 
ing Cu 02 layer strongly suppresses the superconductiv- 
iW via the unconventional superconducting mechanism 
3 , 3 , resulting in magnetism Q and carrier localization 
On the other hand, in HTS Fe-pnictides (FePns), al¬ 
though elemental substitution to the insulating blockiM 
layer induces the high temperature superconductivityjhl- 
[^, the substitution effects on the Fe-Pn conducting lay¬ 
ers are quite complex due to the Fe-3d multiband na¬ 
ture. The transition metal (TM) doping on the Fe site 
by Co, Ni, Rh, Pd, and Pt, located at the right position 
of Fe in the periodic table, suppresses the colinear-type 
spin density wave (SDW) and induces superconductiv¬ 
ity prl - fT^ . A rigid band like upper shift of the chemi¬ 
cal potential observed by angle resolved photo emission 
spectroscopy (ARPES) [ll-Hq gives an evidence of elec¬ 
tron doping to the FeAs layer. Further extended stud- 
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ies on the phase diagram proposed that the supercon¬ 
ducting transition temperature (Tc) well scales both with 
the structural and the magnetic transition temperatures 
(Ts and Tn, respectively) in the underdoped region and 
with the number of extra electrons added by the TM 
doping in the overdoped region of the superconducting 
dome El- On the other hand, recent ARPES studies 
on Ba(Fei_a:Ma;As )2 (M = Ni, Cu) demonstrated that 
the number of electrons does not monotonically increase 
with extra d-electrons introduced per Fe/TM site [l 8 l| . 
In the case of TMs located at the left of Fe, doping of 
either Mn or Cr does not induce any superconductivity 
and instead stabilizes the checkerboard-like magnetic or¬ 
der M- A clear sign change of the i?H by Mn and Cr 
substitution indicated a fact that holes are doped [^[^ . 
while nuclear magnetic resonance (NMR), neutron scat¬ 
tering, photoemission spectroscopy (PES) and x-ray ab¬ 
sorption spectroscopy (XAS) demonstrated the localiza¬ 
tion of Mn 3d states [lA [^ . . The intrinsic effects of 

TM doping on the Fe-Pn conducting layer are still con¬ 
troversial. Since intrinsic hole doping to the Fe-Pn layers 
should produce superconductivity, the sign change in i?H 
for non-superconducting Ba(Fei_a;Ma;As )2 (M = Mn, Cr) 
is important for understanding the role of the TM doping 
on the superconducting phase diagram of HTS FePns. 

In this paper, we show the emergence of the minority 
holes with high mobility based on the detailed analy¬ 
ses of electrical transport in Ba(Fei_a;Mn 2 ;As) 2 . Impor¬ 
tantly, minority holes with high mobility are shown to 
newly emerge in addition to the majority carriers with 
relatively low mobility. Simultaneous analyses of both 
longitudinal and transverse magnetoconductivities {axx 
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and Uxy, respectively) consistently show the emergence 
of minority holes with high mobility, in addition to the 
majority electrons and holes with low mobility residing 
in the parabolic bands that were reported in the parent 
compound as well. Since the Mn 3d states are nearly 
localized in Ba(Fei_xMnxAs )2 [H, [H, 111], it is likely 
that the minority holes are generated by the Mn dop¬ 
ing with keeping the original semimetallic band struc¬ 
ture of Ba(FeAs )2 [2l|. Present results demonstrate the 
considerable large contribution of the minority carriers 
with high mobility to the magneto-transport properties 
for having the true understanding of the TM doping in 
the electronic phase diagram of HTS FePns. 


II. EXPERIMENTAL DETAILS 

Single crystals of Ba(Fei_xMna;As )2 with x = 
0,0.007, 0.016, 0.020,0.035 were grown by a flux method 
using FeAs [^. Synchrotron X-ray diffraction mea¬ 
surements (SPringS BL02B2) and Rietveld refinements 
(by GSAS and its graphical user interface EXPGUI 
[25l| l were performed to check the quality of the sin¬ 
gle crystals. Temperature dependencies of electrical 
resistivity(p) were also measured to deduce the TnS (Fig. 
1 (a)). In figure 1 (b), the first derivative of a normalized 
resistivity curve (d(p//93ooK)/dT) showed a clear inflec¬ 
tion point at Tni being consistent with the previous re¬ 
ports [ 21 I, [ 2 ^ . The Mn concentration x was determined 
using the x dependence of Tn for Ba(Fei_a,Mn 3 ,As )2 pre¬ 
viously reported [ 2 ^. Both in-plane transverse magne¬ 
toresistance (i?M) and Hall resistance were measured us¬ 
ing a four-probe method for |H| < 18 T at various tem¬ 
peratures between 2 and 180 K. It should be noted that 
the magnetoresistance (the Hall resistance) is averaged 
(subtracted) between positive and negative field to can¬ 
cel antisymmetric (symmetric) factor. 


III. RESULTS 

A. Evolution of the Hall resistivity with the tiny 
Mn doping in Ba(Fei_a,Mna;As)2 

Fig. 2 shows the temperature dependence of i?H for 
Ba(Fei_a;Mna;As )2 with 0 < x < 0.035. The RhS were 
derived by linear fitting of pyx curves at low B where 
they develop linearly as shown in Fig. 3. The ArS are 
negative and almost constant at temperatures above Tn. 
Below each Tn, the Trs show large variations against 
temperature. For x = 0.007, the i?H decreases with a 
decrease in temperature. Around 20 K, it shows a lo¬ 
cal minimum and increases with a decrease in tempera¬ 
ture. This increase in i?H at low temperatures gradually 
becomes more remarkable with increasing x and hnally 
gives a positive i?H at a; > 0.020. For elucidating the rea¬ 
son of this positive i?H in details, the B dependence of 
Hall resistivity (pyx) curves is useful. Fig. 3 shows B de¬ 




FIG. 1: Temperature dependence of (a) normalized re¬ 
sistivity (p/p300k) and (b) first derivative of p/paooK for 
Ba(Fei_3;Mna;As)2. Magnetic transition temperatures (Tns) 
are derived from infliction points of resistivity curves. 


pendencies of the pyx for x = 0,0.007,0.016,0.020,0.035 
at 2 K. With increasing x, the overall slope of pyx gradu¬ 
ally changes sign from negative to positive. Intriguingly 
for X = 0.020, the sign of Pyx gradually changes from 
positive to negative with an increase in H. In order to 
clarify this complex phenomenon observed in pyx of the x 
= 0.020 sample, the B dependence of pyx at various tem¬ 
peratures are displayed in Fig.4. The linear shape in pyxS 
at high temperatures gradually changes to convex one at 
low temperatures below 50 K under low B. On the other 
hand, under high-H similar curvatures with negative val¬ 
ues of Pyx are observed in the entire temperature range 
between 2 and 180 K. This experimental observation is 
intriguing and indicative to the emergence of minority 
holes with high mobility under the compensating nature 
of majority FSs, as will be discussed later. 

In the semiclassical transport theory, the i?H under low 
B is described as 


i?H 


E N 2 

i^i a^n^p.i 


( 1 ) 


where pi and rii are the carrier mobility and the carrier 
density of the i-th band, respectively, ai takes the value 
of -|-1 for hole and -1 for electron. In the semimetallic 
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FIG. 2: Temperature dependence of Hall coefficients (Rhs) 
for Ba(Fei_j;Mna;As )2 at low magnetic field (B) limits. Rhs 
are derived by a linear fitting of a curvature where it 
develops linearly at low B regime as shown in Fig. 3. 



e(T) 


FIG. 3: (a) Magnetic fields (Bs) dependence of Hall resistivity 
(pyx) for Ba(Fei_a;Mna;As )2 with various concentration x < 
0.035 at T = 2 K. A broken line indicates an example of a 
linear fitting deriving the Hall coefficients (i?Hs) at low B 
regime. 


electronic structures such as FePns, the electron and hole 
compensation for low p, bands significantly suppresses the 
absolute value of i?H- Moreover, carriers with high p 
give a significant contribution to Ru- Therefore, at 
low B is significantly influenced by the minority carri¬ 
ers with high mobility, while at high B it is dominated 
by the majority carriers with low mobility. This point 
described here can provide preliminary qualitative inter¬ 
pretation for Pyx in the framework of semiclassical trans¬ 
port theory. The positive pyx slope under low B clearly 



FIG. 4: (a) Magnetic fields {Bs) dependence of Hall resis¬ 
tivity {pyx) for Ba(Fei_a,Mna;As )2 with x = 0.020 at various 
temperature (T) {{sl)T = 60,70,80,90,100,120,140,160,180 K 
and (b)r = 2,5,10,15,20,30,40,50 K). Arrows indicate the di¬ 
rection of T evolution from high- to low-T. 


demonstrates the existence of minority holes with high 
mobility for x = 0.020 instead of the minority electrons 
with high mobility in Ba(FeAs )2 [131, being markedly 
different from what have been observed for Co and Ni 
so far. The negative pyx slope observed under high B 
indicates that FSs including majority electron carriers 
with relatively lower mobility also residing behind the 
present experimental data. Consequently, a reasonable 
interpretation to explain the two extreme limits of B in 
the Pyx behavior for x = 0.020 is given as follows: In 
electric transport, the minority holes with high mobility 
are gradually pronounced with an increase in x in the 
presence of the majority FSs as a background, and this 
scenario is also consistent with the gradual increase in 
Pyx with an increase in x at low temperatures. 

It can be found from the detailed Hall resistivity of 
Ba(Fei_a;Mna;As )2 in the present study that Mn dop¬ 
ing generates minority holes with high mobility in ad¬ 
dition to the majority FSs, giving a large influence on 
Bh- Since previous re por ts indicated localization of the 
Mn 3d states [l3, [^. l23j|. Mn doping is considered to 
provide merely a small influence on both the majority 
electron and hole FSs composed of the original d-orbitals 
of Ba(FeAs) 2 - When all discussions described so far are 
taken into consideration, the following scenario for the 
electronic structure of Ba(Fei_a;Mn 2 ,As )2 can be given: 
The Mn doping generates the minority holes with high 
mobility instead of the minority electrons with high mo¬ 
bility in Ba(FeAs )2 [23|. The carrier number of the ma¬ 
jority electron and the hole FSs hold almost constant 
when Mn is doped into the Fe site, but these contribu¬ 
tions to the electric transport become apparent due to 
the significant contribution in electric transport by the 
minority holes with high mobility newly appearing as 
temperature is lowered. 
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B. Simultaneous multicarrier analysis for 
longitudinal and transverse magneto-conductivity in 
Ba(Fei_2:Mn3:As)2 


In order to confirm the electronic structure deduced 
from the Hall resistivity studies, here we carried out the 
analyses of the magnetoconductivity. Fig. 5(a) and (b) 
show the normalized longitudinal and transverse conduc¬ 
tivity {X and Y, respectively), where X and Y are de¬ 
fined as X = axx{B)/axx{^) and Y = axy{B)/axxiO). In 
a logarithmic scale, the fitting functions X and Y can be 
written as [2^, 






\h\ 

2cosh(t — rrij) ’ 


( 2 ) 

( 3 ) 


where t = InH, rrij = —In/r^ and fj = ±eNj^j/axx{0) 
(positive for hole and negative for electron). Here, e, 
Nj, and /ij denote the electron charge, the carrier den¬ 
sity, and the carrier mobility of the j-th band, respec¬ 
tively. Since the same parameters are commonly used in 
the two formulae, we must fit both conductivities simul¬ 
taneously to obtain the solution from one experimental 
dataset. The first equation is a step-like function and 
the second is a peak-like function of t. The B positions 
of both the step in Xj{B) and the peak in Yj{B) rep¬ 
resent the carrier mobility (i.e. if t=mj, then B=l/fi). 
The step and the peak heights reflect the carrier num¬ 
ber. These representations of magnetoconductivities are 
useful for understanding the electronic states. The whole 
fitting functions are represented as ^ Xj and yj ■ 
summation should be taken up to the correct number of 
carrier types. The band calculations proposed the two 
electron- and two hole- FSs in the colinear-type SDW 
Ba(FeAs)? Moreover, the Mn 3d states are local¬ 

ized [13,1^1^ and the colinear-type SDW phase is con¬ 
served below a: = 0.10 [s^. Accordingly, it is reasonable 
to employ a four-carrier model for the present analysis of 
the magneto-conductivity [23, [ii- 

The predominant contribution in semimetallic elec¬ 
tronic structure of the present compounds results from 
the large electron and hole FSs (conventional parabolic 
bands). In the analyses, however, two additional small 
FSs (Dirac cones) to give the minority carriers should 
be taken into account. The latter two types minority 
carriers give nonnegligible contributions to the electric 
transport due to their much higher mobility. As shown 
in Fig. 5 (a) and (b), both X and Y curves for x = 0.020 
were successfully reproduced using four types of carrier 
bands {J^Xj and '^Yj {j = 1, 2, 3, 4)) in the range 
of 5=0 to 18 T. It should be noted that the simultane¬ 
ous multicarrier fitting using less than four carrier types 
with any parameters did not reproduce the experimental 
magnetoconductivities observed in the present studies. 
The normalized longitudinal and transverse magnetore¬ 
sistivities {pxx/pxx{Q) and Pyx/Pxxifi), respectively) are 
shown in fig. 5 (c) and (d) to visually demonstrate the 


consistency between the fitting curves and the experi¬ 
mental data. Here fitting curves are obtained from X 
and Y in the four carrier fitting using the general rela¬ 
tionship between resistivity and conductivity tensors (i.e. 
p = cr~^)- Both pxx/pxx{0) and Pyx/Pxx{0) curves are al¬ 
most reproduced by the fitting curves, although small er¬ 
rors are observed between the Pxx/Pxx{0) and the htting 
curve. A linear component in the magnetoresistance at 
high B originating from the quantum limit of the Dirac 
cone [U, [ 3 ^ hinders us to achieve a better fitting, which 
may be one of reasons for the small errors between the 
Pxx/Pxx{Q) data and the htting curves. 

The htting parameters are displayed in Table I. The 
minority electrons and holes (~ 10^^ cm“^) with high 
mobility (~ 1700 cm^(VS)“^) as well as the majority 
electrons and holes (^ 10^° cm“^) with relatively low 
mobility (180 and 140 cm^(Vs)“^, respectively) were suc¬ 
cessfully estimated. It should be emphasized that the 
minority electrons and holes with high mobility 10^^ 
cm“^ and ~ 1700 cm^(Vs)“^) were necessary in order to 
reproduce X and Y curves in the low B regime. The ma¬ 
jority electrons and holes 10^° cm“^) with relatively 
low mobility (180 and 140 cm^(Vs)“^, respectively) pro¬ 
vide a situation that an almost compensated electronic 
structure is realized similarly to the original band struc¬ 
ture of Ba(FeAs) 2 . The fact that the absolute value of Y 
is signihcantly smaller than that of X also supports the 
above results. Unfortunately the detailed X and Y be¬ 
haviors originating from the majority electrons and holes 
with low mobility in FSs are not apparently clear in the 
present analyses because of the still insufficient magnetic 
field strength such as the X ranges of ^ 0.88 at 5 = 18 
T. We would need extremely high magnetic field in order 
to clarify the contribution from the majority lower mobil¬ 
ity carriers. Considering the accessible range of magnetic 
field in our present experiments, although certain errors 
cannot be ruled out for estimating parameters listed in 
the Table I, the conclusion that the minority holes with 
high mobility is necessary to reproduce the X and Y ex¬ 
perimental data is not altered. 


IV. DISCUSSION 

The simultaneous fitting of the magnetoconductivity 
data in the framework of semiclassical description showed 
that the Mn doping generates minority holes with high 
carrier mobility in Ba(Fei_a;Mna;As )2 via SDW transi¬ 
tion. In the SDW state of Ba(FeAs) 2 , tiny electron-like 
Dirac pockets were theoretically predicted and also ex- 
perimentally confirmed by various experiments [ 23 , 1 ^ . 
l3ll - [^ . Such Dirac cone states are robust for both 
nonmagnetic and magnetic impurity [13, [33 - l33| . being 
different from those existing in topological insulators, 
and consequently the colinear type SDW phase also sur¬ 
vives up to a; = 0.10. Therefore, one might expect that 
hole doping in the electron-like Dirac cone in the par¬ 
ent compound can be realized. In this case, the mi- 
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FIG. 5: Simultaneous multicarrier analysis of longitudinal and transverse magneto-conductivity in Ba(Fei-a;Mna;As )2 with x 
= 0.020 at r = 1.5 K. (a), (b) Normalized longitudinal and transverse conductivity (X and V, respectively). Black lines 
are results of fitting using the four carrier model, (c), (d) Normalized longitudinal and transverse resistivity {p^x/Pxx{0) and 
Pyx/pxx{0), respectively). Black lines are derived from fitting functions by applying the general relationship between resistivity 
and conductivity tensors (i.e. p = 


TABLE I: Results of the simultaneous analysis of both logitudinal and transverse magnetoconductivity for x = 0.020 at T = 1.5 
K using the four carrier model, j indicates the band index. 


j 

1 

2 

3 

4 

Carrier type 

Electron 

Hole 

Electron 

Hole 

Mobility (cm^/V-s) 

1710±90 

1700±50 

180±10 

140±10 

Density (cm~'^) 

5.39 ±0.60 xlO"' 

9.48±0.52 xlO"' 

1.15±0.10 xl0^“ 

1.47±0.14 xl0^“ 


nority holes with high mobility may appear as a conse¬ 
quence of generation of hole-like Dirac cones in the SDW 
Ba(Fei_xMn 2 ;As )2 states by preserving the original ma¬ 
jority electron and hole FSs. Since the carrier mobility 
of the majority electrons and holes in the conventional 
parabolic bands are suppressed by the backward scatter¬ 
ings of Mn, the minority Dirac pockets protected by the 
TT-Berry phase will give rise to significant contributions in 
the electrical transport, being consistent with the present 
observations. Another scenario is that the enhancement 
of the FS anisotropy. In Ba(FeAs) 2 , the electron FS in¬ 
cluding both convex and concave parts was theoretically 


and experimentally pointed out [1^ In this case, 

the cyclotron motion of the electrons at the concave part 
can induce a hole-like contribution and it was ac¬ 
tually demonstrated by the mobility spectrum analyses 
[^ . The recent report on in-plane electrical resistiv¬ 
ity of the detwined Ba(Fei_a;Mn 2 ,As )2 revealed that the 
Mn doping increases the anisotropy of the in-plane re¬ 
sistivity [^. Therefore, it is also possible that the Mn 
doping enhances the FS anisotropy (presumably for the 
tiny electron-like Dirac pocket) in Ba(Fei_a:Mna;As) 2 , re¬ 
sulting in the emergence of the minority holes with high 
mobility. 
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V. CONCLUSION 

We showed the emergence of the minority holes 
with the high mobility on the irragnetotransport of 
Ba(Fei_a;Mn 3 ;As) 2 - The negative Hall coefficients esti¬ 
mated in the low magnetic field {B) regime gradually 
increased with an increase in x and changed to a positive 
one at a: = 0.020. Detailed studies on the Hall resistivities 
as well as simultarreous analyses of both longitudinal and 
transverse magrretoconductivities demonstrated that the 
minority holes with high mobility were generated by the 
Mn doping, while the majority electron and hole Fermi 
surfaces (FSs) in the semimetallic electroiric structure 
of parent SDW Ba(FeAs )2 were ahrrost preserved. The 
present results elucidated that (i) the generated holes as 
the Dirac pockets in Ba(Fei_a;Mn 3 ;As )2 are minority from 
the viewpoint of the total carrier number, (ii) the major¬ 
ity FSs in parent Ba(FeAs )2 may not change, and the 
effect of Mn doping can be distinguished from the pure 
hole doping to the Fe-Pnictide layer. A question is still 
left about the origin of these minority holes with high 
mobility. One possible origin is that Mn induces a small 
amount of holes to the tiny electron like Dirac pocket of 
parent Ba(FeAs )2 1^. Isil - ls^ . Another possibility is 

that Mn induces the enhancement of the anisotropy of 
the FSs. The recent in-plane electrical transport reveals 
that the in-plane resistivity anisotropy is enhanced by 
the Mn doping. A scenario that additional hypothetical 
carriers can be generated depending on the shape along 
the segments of the FS is also applicable. 
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necessary contributions from antisymmetric (symmetric) 
contribution to the pxx {Pyx) which may mostly arise 
from the misarrangement of the electrical contacts. The 
process of the manipulation are written as, 


pi7m)+pi7{-\B\) 

pxx — 2 

pi7m)-pi7{-\B\) 

Pyx — 2 ’ 


( 4 ) 

( 5 ) 


where pxx and pyx are data after the manipulation 
(Fig. 2-5) and and Py™ are raw data. The p’^™ 
and Py™ are shown in figure 6, 7, and 8 corresponding 
to the figure 3, 4, and 5 before the data manipulation, 
respectively. 



S(T) 


VII. APPENDIX 

As noted in the section II, the data used in figure 3, 
4, and 5 are shown after the manipulation to cancel un- 


FIG. 6: The raw data of Hall resistivity (pyx) magnetic field 
(B) dependence are shown in several concentrations at T = 2 
K. (a, b, c, d, e)x = 0,0.007,0.016,0.020,0.035, respectively. 
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